Genomic DNA of the yeast, Saceharomyces cerevisiae, can be conveniently and specifically altered by transforming spheroplasts or lithium acetate-treated cells directly with synthetic oligonucleotides. Altered forms of iso-icytochrome c were generated by transforming a cycl mutant with oligonucleotides and selecting for at least partially functional revertants; the oligonucleotides contained a sequence that corrected the cycl mutation and produced additional alterations at nearby sites. Transformation has been accomplished with oligonudeotides as short as 20 nucleotides and with amounts as low as 100 ,ug. This method of site-directed mutagenesis in vivo has been used to produce alterations in the NH2-terminal region of iso-1-cytochrome c in which the NH2-terminal methionine is excised and the penultimate residue is acetylated.
Site-directed mutagenesis has been an important approach for altering DNA sequences and especially for producing altered forms of proteins. The most versatile methods for producing highly specific changes use single-stranded Escherichia coli vectors containing the target sequence and a short synthetic oligonucleotide containing the desired alterations; the synthetic oligonucleotide is hybridized to the target sequence, the complementary strand is synthesized in vitro by extending the synthetic oligonucleotide, and the duplex vectors containing the mismatches are introduced and amplified in E. coli (see ref. 1) . Highly efficient recoveries of the desired alterations have been achieved by isolating covalent closed circular DNA, by using a second upstream primer (2, 3) , and by preferentially destroying the original parental strand (4, 5) . A modification of this method has been described in which yeast or E. coli is transformed with the heteroduplex of the single-stranded vector and the synthetic oligonucleotide without prior DNA synthesis of the complementary strand in vitro (6, 7) . Also, Mandecki (8) used synthetic oligonucleotides at least 20 nucleotides long for site-directed mutagenesis by repairing double-strand breaks in E. coli plasmids. In this paper we describe a convenient, single-step procedure of mutagenesis in vivo by which the yeast Saccharomyces cerevisiae are transformed solely with synthetic oligonucleotides.
The yeast strain to be used for this procedure should have a target allele bearing a single-site mutation that reverts at a low frequency. In addition, this method requires selection for the transformed yeast. By using the cycl-31 mutant that lacks iso-1-cytochrome c and a series of oligonucleotides that encompass the lesion, revertants having functional, but altered, iso-1-cytochromes c were recovered; these revertants contained sequences corresponding to those of the synthetic oligonucleotides. This procedure has been used to alter the NH2-terminal region of iso-1-cytochrome c and investigate NH2-terminal processing of proteins in yeast.
MATERIALS AND METHODS
Genetic Nomenclature and Yeast Strains. The symbols CYCI and CYCJ+ denote, respectively, any functional allele and the wild-type allele encoding iso-1-cytochrome c in the yeast S. cerevisiae. The cycl-31 allele causes a complete deficiency of iso-1-cytochrome c, whereas CYCI-793 and CYCI-795 denote two altered CYCI alleles obtained from the cycl-31 mutation with two different synthetic oligonucleotides. CYC7' denotes the wild-type allele encoding iso-2-cytochrome c, and cyc7-67 denotes a partial deletion of the CYC7 locus that results in the complete deficiency of iso-2-cytochrome c.
CYC)+ CYC7' strains can grow on both lactate and glycerol media; cycl -31 CYC7' strains can grow on glycerol medium but not lactate medium, whereas cycl-31 cyc7-67 strains cannot grow on either lactate or glycerol media (9, 10 The selected oligonucleotides for this study are listed in Table   1 .
Media. Standard YPD and synthetic media were used for growing and testing yeast strains (13) . YPD/Sorb is YPD medium with 1 M sorbitol and 2% agar. Ura-medium is standard synthetic medium lacking uracil but containing 12 other nutrilites (13) . Ura-/Sorb medium is Ura-medium with 1 M sorbitol and 2% agar. Ura-/Sorb/Top and YPD/ Sorb/Top media are Ura-and YPD media, respectively, with 1 M sorbitol and 2.5% agar.
Yeast Transformation. Standard procedures of transformations were done with spheroplasts (14) or lithium acetatetreated cells (15) . Yeast cells were harvested at a density of 5-7 x 107 cells per ml when used with the spheroplast procedure and 5-7 x 106 cells per ml when used with the lithium acetate procedure.
For transformation of spheroplasts, 10 ,1 or less of a DNA solution was added to 0.1 ml of suspension of spheroplasts, typically containing 3 x 107 viable cells; 1 ml containing 20% PEG 4000, 10 mM CaC12, 10 mM Tris HCI, pH 7.4, was added to the tube containing the spheroplasts and DNA. When oligonucleotides were used for the transformation, the entire 1.1 ml of transformation mixture was mixed with 6 ml of YPD/Sorb/Top medium at 50'C and subsequently plated onto a YPD/Sorb plate. When plasmid preparations were used for transformation, only 10-100 .Ld of the 1.1 ml of reaction mixture was mixed with 6 ml of Ura-/Sorb/Top medium at 50'C and subsequently plated onto a Ura-/Sorb plate. After 4 to 6 days of incubation at 30°C, the oligonucleotide-transformed cells formed distinct colonies over a background of the untransformed host strain. tTransformants were not obtained with these three oligonucleotides.
and 1 mM EDTA, pH 7.5, and the suspension was plated on two plates. Cells transformed with plasmid preparations were plated on Ura-plates, whereas cells transformed with oligonucleotides were plated on YPD plates. After 3 days of incubation, the oligonucleotide-transformed cells formed distinct colonies over a lawn of untransformed cells. Genomic Blots. DNA was isolated from yeast (13) and digested with EcoRI; fragments were separated by electrophoresis in a 0.8% agarose gel, transferred to nitrocellulose, and probed with the nick-translated plasmid pAB13 according to standard procedures (16) .
DNA Sequencing. The Xho I-Kpn I fragment encompassing a portion of the CYCJ locus was transferred into bacteriophage M13mpl8 (17) , and the relevant region was sequenced (18) using procedures previously described.
Protein Analysis. Iso-1-cytochromes c were isolated as described by Sherman et al. (19) . Sequential Edman degradation was done with a gas-phase protein sequencer (Applied Biosystems, model 470A) essentially as described by Hewick et al. (20) . The phenylthiohydantoin derivatives were separated by reverse-phase HPLC, using a Toyo-Soda ODS-120T column (C18, 4.6 x 250 mm) as described by Tsunasawa et al. (21) . Amino acid analysis was done by methods previously described (22) . The NH2-terminal sequence of the blocked iso-1-cytochrome c from the CYCJ-793 strain was determined by first digesting the protein with lysylendopeptidase (Wako Pure Chemicals, Dallas) for 6 hr at 370C in 0.01 M Tris HCl at an enzyme-to-substrate ratio of 1:400 (mol/mol). The resulting peptides were separated by HPLC on a Baker-bond wide-pore butyl column (C4, 300 A; 4.6 x 250 mm), using a linear gradient of 0-60% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min and an elution time of 60 min. The NH2-terminal blocked peptide was detected by comparing the HPLC elution profile of the peptides before and after digestion with aminopeptidase M (Pierce) using an enzymeto-substrate ratio of 1:50 (wt/wt) and treating for 4 hr at 37°C in 0.01 M sodium phosphate buffer, pH 7.2. (Digestion with aminopeptidase M does not alter the elution position of the blocked peptide.) Identification of the blocked peptide was confirmed from its amino acid composition. A total of 8 nmol of the blocked peptide was digested with 0.2 units of acylamino acid-releasing enzyme (Takara Shuzo, Kyoto) for 6 hr at 37°C in 0.01 M sodium phosphate buffer, pH 7.2. The released acylamino acid and the unblocked peptide were separated by HPLC, using a Baker-bond wide-pore column described above. One nmol of the unblocked peptide was sequenced on a gas-phase sequencer; the acetylamino acid, acylserine, was identified with HPLC (23) or with an Hitachi model 835 S amino acid analyzer (22) .
RESULTS
Experimental Design. Site-directed mutagenesis in vivo by transformation of yeast with synthetic oligonucleotides was investigated with the cycl-31 allele, which has a TC --A change as shown in Fig. 1 (24) . Because of the limited pathway of reversion due to the in-frame TAA nonsense codon and the deleted base pair, the cyc1-31 mutation reverts spontaneously at a low frequency of -10-9, even though the cycl-31 lesion is within a region encoding a dispensable region of the protein near the NH2 terminus. (We have observed that minus base-pair mutations generally do not revert, or revert at extremely low frequencies, when they have an adjacent in-frame nonsense codon, or when they lie in a segment encoding an essential region of the protein.) Because the amino acid sequence from position 1 through 10 can be altered without appreciably affecting iso-1-cytochrome c function (25) (26) (27) , all amino acid changes at or near the cycl-31 site should be recoverable. Furthermore, because the cycl-31 strain does not use nonfermentable carbon sources, strains having only 1% of the normal amount of iso-1-cytochrome c can grow on such media and thus cycl revertants having altered iso-1-cytochromes c with even extremely low specific activities can be selected. In addition, the cycl-31 mutation destroys the EcoRI site normally at amino acid positions 2 and 3 ( Fig. 1) allowing for the convenient screening of site-directed mutations described below. Also, all analyzed revertants of cycl-31 induced by conventional physical and chemical agents lack this EcoRI site (25, 26) .
The oligonucleotides used for transformation of the cycl-31 strain bore a sequence that could eliminate the TAA codon and restore both the reading frame and the EcoRI site. The three types of oligonucleotides used, listed in Table 1 , lead to the three sequences CYCJ1, CYCI-793, and CYC1-795 shown in Fig. 1 . These oligonucleotides were used to establish the in vivo system and to determine how transformation efficiency is influenced by concentration, length, and mismatches of the oligonucleotides and to determine the accuracy of the transformed sequences.
The cycl-31 strain was treated with oligonucleotides using standard transformation protocols; treated cells were plated on YPD medium that supports growth of the transformed CYCI strains and the original cycl-31 strain. However, the CYCI transformants appeared as large colonies over the lawn of the original cycl-31 strain because ofthe continued growth of the transformants on nonfermentable carbon sources after glucose depletion.
Relationships Between Transformation Frequencies and Oligonucleotide Concentrations. The cycl-31 strain was transformed with various concentrations of the CYC1I 50-mer. Oligonucleotide 0L87.34 ( oligonucleotides (Table 1) were used to determine the relationship between transformation frequencies and length of oligonucleotide. Spheroplasts and lithium acetate-treated cells were transformed with =85 ,ug of the different oligonucleotides. Results, shown in Fig. 2c for the CYCI-793 series (Table 1) , suggest an optimum size of 50 nucleotides for transformation. Similarly, with the CYCJ+ series (Table 1) , which has the greatest homology with cycl-31 (Fig. 1) Fidelity of Transformation. Genetic and biochemical tests were done to determine whether the sequences of the CYCI transformants corresponded to the sequences of the C YCI +, CYCJ-793, and CYCJ-795 oligonucleotides and whether the transformants contained single copies of the CYCI genes. Low-temperature spectral examination of 119 CYCI transformants, derived with the CYC1J, CYCJ-793, and CYCJ-795 oligonucleotides, indicated that all but one (R121) contained a level of iso-1-cytochrome c corresponding to a single copy of a CYCI+ gene. Haploid strains containing two CYCI copies and cyci/CYC) heterozygous diploid strains are clearly distinguished from normal CYC) haploid strains by level of iso-1-cytochrome c. Thus, 118 of 119 transformants contained a single copy of the CYCJ gene. Genomic blots of 23 transformants listed in Table 2 were examined for restoration of the EcoRI site shown in Fig. 1 . All of these transformants, except R121, contained the expected 2.5-kb EcoRI fragment of the CYCI+, CYCI-793, and CYCI-795 sequences and lacked the 8.7-kb EcoRI fragment of the cycl-31 original strain; this 8.7-kb fragment in the cycl-31 strain is formed from the 2.5-and 6.2-kb EcoRI fragments described by Stiles et al. (12) . In contrast, the R121 transformant contained both the 2.5-and 8.7-kb EcoRI fragments, indicating both cycl-31 and the expected CYCI-795. Further analysis showed that the R121 transformants, which contained one-half of the normal amount of iso-1-cytochrome c, was a cycl-31/CYCIJ+ diploid. Such a result was anticipated Each of these transformants was derived by transforming spheroplasts of B-7528 with the oligonucleotide listed in the first column. *Transformants were tested for the following characteristics: (a) the amount of iso-l-cytochrome c by low-temperature spectroscopy; the presence of the EcoRI site (Fig. 1) by genomic blotting procedures; (b) DNA sequence of the appropriate CYCI region; and (c) NH2-terminal sequence of iso-1-cytochrome c.
because the spheroplast transformation protocol can lead to cell-cell fusions.
The 0.5-kb Xho I-Kpn I fragment encompassing the alteration (17) from the six transformants R113, R114, R116, R120, R129, and R132 were cloned and sequenced. All six transformants contained sequences corresponding to sequences of their respective oligonucleotides (Table 2) . Thus, site-directed mutagenesis in vivo is highly specific, producing the changes corresponding to the oligonucleotide sequences at a single copy in the genome.
Protein Sequences. The NH2-terminal sequences of iso-1-cytochromes c from the CYCI-793 transformant R116 and the CYCJ-795 transformant R120 (Table 2) are shown in Fig. 1 . These results corroborate the DNA sequences and indicate that NH2-terminal residues of methionine are excised from penultimate residues of threonine and serine. Further, the finding that the penultimate serine in the CYCJ-793 protein is acetylated demonstrates that acetylation occurs after removal of the methionine residue in at least this sequence.
DISCUSSION
We have demonstrated that the genomic sequence of yeast can be altered in a highly specific and controllable manner by transforming solely with synthetic oligonucleotides and by selecting for the appropriate phenotype. A particularly useful property of transformation with oligonucleotides is that alterations can be directed to sites distinct from those restoring function. The CYC1-795 and CYC1-793 alterations produced, respectively, amino acid replacements at one and both sides of the cycl-31 lesion (Fig. 1) and contained, respectively, four and five mismatches. Amino acid replacements at any site in the iso-1-cytochrome c molecule can be similarly generated by transforming a cycl mutant having a lesion at or near the desired site if the iso-1-cytochromes c in the CYCI transformants have at least 1% of the normal activity.
Experiments designed to determine optimum conditions suggested that oligonucleotides 40 to 50 nucleotides long were highly effective, whereas transformation frequencies declined with shorter and longer oligonucleotides. However, we have obtained transformants with an oligonucleotide as short as 20 nucleotides. Frequency of transformation increased with increasing amounts of oligonucleotide and diminished with increasing numbers of mismatches. Although the amount of oligonucleotides required for successful transformation will depend on the spontaneous reversion frequency ofthe parental strain, =100-,ug amounts of40-mers have been routinely used with the low-reverting cycl-31 allele, even when the oligonucleotides contained numerous mismatches. Such levels of 100 ,g are easily produced by current methods of oligonucleotide synthesis.
Because this method of site-directed mutagenesis in vivo relies in part on selection of the desired transformants, it is inconvenient to produce alterations that do not produce phenotypic changes. Nevertheless, the increased proportion of transformants produced by cotransformation allows detection of the desired transformants by testing unselected populations by colony hybridization. Thus, this method provides another convenient technique for manipulating the yeast genome.
The mechanism of oligonucleotide transformation is unknown, but transformants appear to arise by a conversionlike event in which the single-stranded oligonucleotides effectively replace a parental strand. Single-stranded oligonucleotides may form a heteroduplex D-loop by strand invasion of the homologous chromosomal sequence, similar to the process proposed for homologous recombination between single-stranded vectors and chromosomal genes (28) . This is supported by the observation that either sense, antisense, or double-stranded oligonucleotides can cause transformation with roughly equal efficiencies (data not shown). So far, we cannot explain why oligonucleotides longer than 60-mer are less effective, and we are uncertain whether this diminution reflects an inherent property of the recombinational process or is due to the poor quality of longer oligonucleotides. Nevertheless, oligonucleotide transformation could be used to investigate this recombinational process and mismatch repair. In addition, this method could be used to investigate mutational processes by transforming yeast with synthetic oligonucleotides containing nucleotide analogues and adducts. It would be of interest to determine whether site-directed changes could be produced by also transforming prokaryotes and higher eukaryotes directly with synthetic oligonucleotides.
We have used this method of site-directed mutagenesis in vivo to investigate NH2-terminal processing in yeast. Results of the CYCI-793 and CYCI-795 sequences demonstrate that the NH2-terminal residues of methionine are excised from penultimate residues of threonine and serine, a finding consistent with other sequences of iso-1-cytochromes c (22, 29) . The acetylation of the NH2-terminal serine in the CYCJ-793 sequence is of particular interest for determining the specificity of NH2-terminal acetylation. Although the comparison of the CYCI-793 sequence with other eukaryotic proteins (30) does not reveal any simple features for serine acetylation, a consensus sequence or critical residues may be identified from systematic analysis of iso-1-cytochromes c altered in the NH2-terminal region.
